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Introduction
Recently, important studies have been performed on the impact of pollution on the environment and human health [1] [2] [3] . Water and food are possible sources of inorganic pollutants [4, 5] . Hence, the development of new effective modified electrodes for the determination of contaminant concentration has become important.
However, the use of conventional electrodes (platinum, gold and glassy carbon) can not be used to study electrochemical behaviour of inorganic pollutants because several species may mask the surface of the electrode by inducing a decrease in its sensitivity and accuracy [6] .
Several studies have been conducted recently on the impact of inorganic pollutants such as NO 2 -on water quality [7] [8] [9] [10] [11] [12] [13] . To determine these species, different sensors were developed [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Numerous materials, such as humic acids [7, 24] , metallic complexes [25, 26] , polymers [27, 28] , oxides [29, 30] or films [31, 32] have been used to immobilize different pollutants on the surface of electrodes to use as electrochemical sensors. Indeed, the use of metallic complexes to modify electrodes is very important for applications in the field of electro-analysis.
Different supporting carbon materials such as carbon paste and glassy carbon [7, 33] , carbon fiber [34] , carbon nanotube [35, 36] , carbon film [37, 38] and graphite [39] have been used to stabilize electron transfer mediators, primarily due to their low background currents and wide potential windows [40] . The derivatives of the modified carbon electrodes exhibit superior electrochemical properties and demonstrate catalytic activity towards many chemical reactions [35] .
Recently, the electrochemical analysis of different elements and species in environment and biological samples has been studied using various sensors based on modified carbon paste electrodes and derivative carbon electrodes. These studies include the determination of heavy metals using modified potentiometric carbon paste electrode based on a novel nano-sensing layer, ionic liquid/graphene modified electrode and potentiometric sensor based on derivative carbon materials [41] [42] [43] . Other studies have also developed analysis of drugs and biomolecules using electrochemical sensor based on magnetic multi-walled carbon nanotubes, Co 3 O 4 -reduced graphene oxide modified carbon paste electrode, modified fluorine-doped tin oxide (FTO) aptasensor, Fe 3 O 4 nanoparticle-decorated reduced graphene oxide modified electrode and high performance magnetite/carbon nanotubes paste electrode [44] [45] [46] [47] [48] .
Electrochemical impedance spectroscopy is often used to study the electrochemical processes at the electrodeelectrolyte interface, reaction mechanisms and kinetics of the electrode [49] , and the interfacial properties of the modified electrodes [50] [51] [52] [53] .
In this paper, we developed an electrochemical sensor to detect nitrite ions (NO 2 -) in aqueous solution. The electro catalytic oxidation of NO 2 -was studied at the modified carbon paste electrode (CPE/Ru(III)-BSAP-PLA), witch was prepared by mixing the ternary Ru(III)-BSAP-PLA complex with graphite powder in paraffin oil.
EIS and CV techniques were used to measure the change in the charge transfer resistance at the modified electrode at different potentials and temperatures in the presence of nitrites ions in aqueous solution, and to determine the limit of detection of NO 2 -using CPE/Ru(III)-BSAP-PLA electrode, respectively. The main objective of the present work was to compare the efficiency of CPE/Ru(III)-BSAP-PLA sensor towards NO 2 -with the previously developed sensor using modified cavity microelectrode [54] .
Materials and methods

Apparatus and reagents
Scanning electron microscopy analysis coupled with energy dispersive spectroscopy (SEM-EDS) were carried out using a scanning electronic microscope FEI QUANTA 250 (American company).
The potentiodynamic polarization studies were performed using a Potentiostat/Galvanostat Radiometer PGP 201
(Denmark) controlled with Voltamaster 4 software. Polarization curves were recorded at a scan rate of 1 mV s -1 by using a three electrochemical cell: Platinum wire and saturated calomel electrode (SCE) as auxiliary and reference electrode, respectively; copper disk electrode (surface area: 3.14 cm 2 ) as the working electrode. The aggressive solution used in this part was sodium chloride solution (3%).
Electrochemical measurements (Electrochemical Impedance Spectroscopy and Cyclic Valtammetry) were performed under a nitrogen atmosphere using Metrohm PGSTAT 302N (Metrohm Autolab, the Netherlands) with ECD and FRA module with an electrochemical cell constituted by an unmodified or modified carbon paste electrode, glassy carbon (GC) and Ag/AgCl (3 mol L -1 KCl) as working electrode, counter electrode and reference electrode, respectively.
The electrochemical impedance spectroscopy technique was conducted after maintaining the working electrode at its open circuit potential for 20 min.
Before each measurement, the electrodes were polished with silicon carbide abrasive papers and immediately transferred into the test solution.
to maintain the fixed temperature for all experiments.
pH measurements were performed with A Metrohm 827 pH Lab Meter (Metrohm, the Netherlands) . A Precia Labo analytical balance model BP 110S was used to weigh the products.
All reagents used in this work were of the highest purity and analytical grade from Merck (Germany) or Fluka (Switzerland). The ruthenium and nitrite solutions were prepared from stock solutions (0.1 mol L -1 ) of pure ruthenium(III) chloride and sodium nitrite salts in deionised water (resistivity ≥ 14 MΩ cm).
Synthesis of the complex
Ru(III)-BSAP-PLA complex was synthesized through the reaction of 1,3-bis (2-hydroxysalicylideneamino)
propan-2-ol, 3-picolylamine and Ru(III) chloride hydrate in acetone [54] . The formed dark precipitate was then collected and wached with deionized water. (Yield 70%, 0.652 g, m.p. >300 º C).
3. Preparation of the modified electrode
The modified carbon paste electrode was prepared by addition of a few drops of paraffin oil to the product resulting from mixing 10 mg of Ru(III)-BSAP-PLA powder with 300 mg of graphite. The obtained compound was well mixed to obtain a smooth paste.
The modified electrodes were prepared by packing the modified paste into a glass tube having a diameter of 3 mm. The electrical contact was ensured by a wire of copper.
Electrochemical impedance spectroscopy
EIS is a sensitive method used to study the interface properties between electrode and solution [55] [56] [57] .
The impedance spectra were recorded in the frequency range 0.1 Hz-10 kHz by using a sinusoidal excitation signal (single sine) with excitation amplitude of 0.01 V.
The electrochemical parameters representing the unmodified and modified electrode-electrolyte configuration were evaluated from equivalent electric circuits by using the ZView program.
The constant phase element (CPE) was modelled as a non-ideal capacitor, it can be expressed by the following equation [58] :
where C is a constant (describes the charge separation at the double layer interface), i is the imaginary number, ω is the angular frequency (rad s −1 ) and n exponent is due to the heterogeneity of the surface (0 < n < 1). ), ω is the angular frequency and j is a constant.
To simulate the electrochemical behaviour, an equivalent circuit was proposed as a model to determine the different parameters such as R s (solution resistance), R 1 (R ct ) (charge transfer resistance) and CPE 1 (double layer capacitance). R 2 and Z w are the parameters related to the mass transport [59, 60] .
Results and discussion
SEM-EDS characterization of the modified electrode
The morphology, particle size and microchemical analysis of the surface of the modified electrode were studied by SEM-EDS technique (Fig. 1) . The SEM photographs showed an uniform surface formed with the different compounds of the modified electrode (graphite, paraffin oil and Ru(III) complex). Ru(III) complex was homogeneously distributed on the graphite in the presence of paraffin oil as binder. EDS analysis (not shown here) of the surface of the modified paste electrode shows that the Ru (3.23%), carbon (51.12%) and oxygen (10.76%) elements were detected with a significant concentrations.
Polarization study
Before studying the electro-catalytic oxidation of NO 2 -on modified carbon paste electrode, it is very interesting to evaluate, in an aggressive solution, the behavior of the conductive wire (copper) in the presence of the mixed Ru(III)-BSAP-PLA complex in the carbon paste. For this, the polarization method was used.
The anodic and cathodic polarization curves, recorded on the copper electrode, in the absence and presence of Ru(III) complex are shown in figure 2.
In the presence of the complex at 10 -4 and 10 -3 mol L -1
, remarkable changes were observed on the polarization curves. In the anodic potential range ( Fig. 1) , the presence of ternary Ru(III) complex is characterized by the disappearance of the characteristic peak of copper (Cu(I)/Cu(II)) observed at E=68 mV.
The electrochemical parameters obtained from the polarization curves in 3% NaCl are given in (inhib) and i corr (blank) are the corrosion current density values in the presence and absence of inhibitor (Ru(III)-BSAP-PLA), respectively. Table 1 shows that the corrosion current density decreased considerably with increasing concentration of Ru(III) complex. The effect was maximal at 10 -3 mol L -1 in which the inhibition efficiency attained 62.5%.
In conclusion, by plotting the polarization curves from the material providing contact with the modified carbon paste, we verified that the presence of Ru(III)-BSAP-PLA complex in contact with the conductive wire (copper)
did not affect the electrical contact.
Electrochemical impedance spectroscopy characterizations of the modified electrode
The electrochemical impedance spectroscopy technique was used to study the whole process in preparing modified electrodes, which could provide useful information on the changes of the surface of the modified electrodes [61] .
In order to evaluate the nitrite oxidation process, CPE/Ru(III)-BSAP-PLA electrode was examined to determine the carbon paste/Ru(III) complex system's charge carrier capacity and the transfer properties.
The unmodified and modified electrode with Ru(III)-BSAP-PLA complex were characterised by EIS method.
Measurements were performed in 0.1 mol L -1 phosphate buffer (Na 2 HPO 4 /NaH 2 PO 4 ; pH=7) at different potentials, and the modified electrode was tested at different temperatures.
Potential effect
In this part, EIS was employed to investigate the impedance changes of the surface of the carbon paste electrode after modification with Ru (III) complex at different reduction and oxidation potentials around OCP (cathodic potentials: 50 mV to -150 mV; anodic potentials: 50 mV to 250 mV). Warburg impedance which reflects no electron transfer occurring at these potentials.
The shape of the curves does not change with increasing or decreasing the applied potential. The Bode diagrams show one time constant for all applied potentials, thus, confirming the pure diffusion process through the electrode-solution interface. However, this phenomenon was not observed on the surface of the carbon paste electrode modified with Ru (III) complex (Fig. S2) . The electrochemical parameters deducted from EIS are illustrated in table 2.
According to these results, the presence of our complex on the CPE surface, leads to a significant decrease in the resistance of charge transfer with higher applied oxidation and reduction potentials ( Table 2 
Potential effect with nitrite ions in solution
Direct information about the capacity of electron transfer across the different electrodes and electrolyte interface can be obtained by EIS in the presence of nitrite ions in solution. Impedance spectra recorded at different oxidation potentials using unmodified and modified electrodes in Na 2 HPO 4 /NAH 2 PO 4 solution containing 0.01 mol L -1 NO 2 -are shown in figures S3 and 3, respectively.
The electrochemical impedance diagrams obtained with carbon paste electrode (Fig. S3) shows the presence of a single capacitive semi-circle, relating to the charge transfer resistance at the surface of carbon paste electrode, and the absence of the diffusionnelle semi-circle.
The generic electrical circuit consists of a cell resistance (R s ) in parallel with a constant phase element (CPE l ), connected all in series with a charge transfer resistance (R 1 ) (Fig. 4a) .
During the next step, after the modification of the electrode with Ru(III)-BSAP-PLA complex, the recorded EIS shape differs from that of the carbon paste electrode.
The impedance plots performed using CPE/Ru(III)-BSAP-PLA electrode (Fig. 3) shows the presence of two semi-circles. The first (high frequencies zone) with the diameter being independent of the electrode potential, which is related to the charge transfer resistance at the carbon paste electrode modified with Ru(III)-BSAP-PLA, which suggests that nitrite ions were successfully immobilized on the surface of the modified electrode.
The first semi-circle is flatter than the second. This phenomenon is a characteristic of the surface roughness of the electrode (deviation from ideal behaviour) [62, 63] . The second semi-circle (low frequency zone)
corresponds to the phenomenon of diffusion. The imaginary impedance value was higher at anodic potential E a =0.09 V, indicating easier charge separation at this potential value.
The comparison between Fig. 3Sa and Fig. 3a at high frequencies zone showed that a semi-circle with a large diameter is observed with carbon paste electrode. However, this diameter is significantly reduced with CPE/Ru(III)-BSAP-PLA electrode, suggesting that the surface of the modified electrode exhibited lower electron transfer resistance (Table 3) .
By examining the different Bode diagrams (log Z and phase shift (f) versus log (f), we observed two time constants, confirming the nature of the mechanism observed in Fig. 3a .
EIS data were fitted with equivalent electrical circuit (Fig. 4b) . Good agreements between the experimental and calculated parameters were obtained from the best fitting equivalent circuit model, where the chi-squared (χ   2   ) minimized between 10 -4 and 10 -3 . χ 2 is the function defined as the sum of the squares of the residuals.
The estimated electrical circuit used to model the Nyquist spectra consists of a cell resistance (R s ), constant phase element (CPE 1 ) connected in series with a parallel combination of a charge transfer resistance (R 1 ) and CPE 2 (representing modified electrode-solution interface), which was in series with a resistance R 2 .
The electrochemical impedance parameters are summarized in table 3. By analyzing the EIS data at different potentials, it can be observed that the highest value of the charge transfer resistance (R 1 ) is obtained at -0.110 V, and R 1 decreased with the applied anodic potential.
The results reported in table 3 reveals that R 2 increases with increasing anodic potentials, indicating that the barrier effect of the surface of the electrode is characterized by Warburg impedance (form of a capacitive semicircle).
In the presence of nitrite in solution, the charge transfer resistance of our modified electrode (CPE/Ru(III)-BSAP-PLA) was lower than R 1 of the unmodified electrode. The decrease of charge transfer resistance concerning the adsorption of nitrite on the modified electrode is due to the morphology and surface porosity of the carbon paste/Ru(III)-BSAP-PLA product, the latter may be attributed to the electrostatic interaction between the nitrite ions (negatively charged NO 2 -) and Ru(III)-BSAP-PLA complex. At anodic potentials, the values of CPE 1 , determined using the modified electrode, are higher than those determined using the unmodified electrode, primarily due to an increase in the charge accumulated on the surface of CPE/Ru(III)-BSAP-PLA electrode. The presence of our complex in the modified electrode significantly increased the capacity values.
This result indicated that the electron transfer has been facilitated in the presence of our modified electrode.
The values of n 1 are less than 1, which resulted in CPE impedance behaviour. In fact, these values remained practically unchanged with increasing the applied potential, indicating that the surface of the electrode remains stable. The estimated n 1 values may be due to the distribution of activation energies in the double-layer, as well as to the roughness and the unhomogeneity of the surface of the electrode [64] .
Temperature effect in the presence of NO 2 -in solution
To characterize the mode of transportation of the material and the sensitivity of our sensor in aqueous solution, the electrochemical impedance diagrams have been plotted at different temperatures. The measurements were carried out in Na 2 HPO 4 /NaH 2 PO 4 (0.1 mol L -1 ) at pH =7.
Electrochemical impedance spectroscopy is an extremely powerful and sensitive characterisation technique to probe the charge transfer and charge separation processes occurring at electrode-solution or modified electrodesolution interfaces; the effect of temperature can also be studied using the same technology [59, 65] .
The impedance diagrams of the modified electrode, recorded at 0.9 V, are illustrated in Fig. 5 .
The Nyquist plot exhibits two capacitive semi-circles: the first located at high frequencies, which corresponds to the electron transfer process, while the second, observed at lower frequencies, represent the diffusion control.
We observe that the increase of temperature does not change the shape of Nyquist diagram. Bode diagrams showed the presence of two time constants for all temperatures, confirming the pure mode of activation and diffusion. The EIS parameters are given in table 4. The obtained results reveal that R 1 decreases with increasing temperature value. On the other hand, the double-layer capacitance increases with increasing temperature, this is due to the accumulation of nitrite in the surface of the modified electrode, which increases the active surface area of the electrode [55] .
Electrochemical behaviour of the modified electrode towards nitrite ions by using cyclic voltammetry method
Effect of varying scan rate on the electro-oxidation of nitrite ions
The transport characteristics of the modified electrode were investigated at different scan rates in 0.1 mol L 
R
. The linearity confirms the irreversible electro oxidation process of nitrite. By referring to the Tafel equation, defining a totally irreversible electrochemical process [66] , and assuming that the oxidation of nitrite involves the transfer of two electrons, the electron transfer coefficient determined was α=0.89. A comparison between this value and that found in a previous study (α=0.83), using the modified cavity microelectrode [54] , reveals that the electro-catalytic mechanism of oxidation of nitrite occurs better on the surface of our carbon paste electrode modified with Ru(III) complex.
Effect of solution pH
The electrochemical behavior of CPE/Ru(III)-BSAP-PLA electrode in the presence of nitrite ions in solution was studied at various pH values, results are reported in figure 7.
The current increases over a range of pH values from 2 to 4.12, and the maximum current is located at pH=4.12.
For pH values higher than 4.12 and up to 8.05, the oxidation current was found to decrease throughout the range.
In the acidic medium (pH=2 to 4.12), Ru(III)-BSAP-PLA is positively charged on the surface of the carbon paste electrode which can attract the negatively charged nitrite ions, thus, inducing a better electro catalytic oxidation of the nitrite ions. By comparing our result with previous studies [54] , within the same pH range (2 to 4.12), we find that the current of the oxidation peak of nitrite increases at the surface of CPE/Ru(III)-BSAP-PLA electrode and decreases at the modified cavity microelectrode.
Detection of nitrite ions using modified electrode
The use of amperometric methods in the field of electro-analysis represents an important alternative for the detection of various pollutant species. The aim of this study is to determine the limit of detection (LOD) of nitrite ions in aqueous solution using CPE/Ru(III)-BSAP-PLA modified electrode. LOD is defined as the low concentration value which generates an electrical signal (faradic current intensity) at least greater to three times the amplitude of the background residual current [67] .
In this part, the voltammograms were recorded in a buffer phosphate solution at room temperature, in the potential range from 0 to 1.4 V at a scan rate of 0.020 V s -1 . Where s is the standard deviation of the blank signal and a is the slope of the calibration plot.
To determine the influence of concentration on the nitrite oxidation response at the modified electrode, cyclic
voltammograms were recorded at different concentrations of NO 2 -. Figure 8a indicates that the modified carbon paste electrode (CPE/Ru(III)-BSAP-PLA) showed no faradic current response in the absence of nitrite ions in the test sample. However, the addition of NO 2 -reveals the appearance of an oxidation peak around 0.90 V, which is becoming more intense with increasing concentration of NO 2 -.
The catalytic reaction mechanism that is compatible with our recorded voltammograms is given in the following reactions: The overall chemical reaction is shown as follows:
The calibration plot (Fig. 8b) showed a good linear In comparing the results obtained using CPE/Ru(III)-BSAP-PLA electrode with those found using CME/G/Ru(III)-BSAP-PLA electrode [54] , under the same conditions, it is important to note that LOD calculated in this work were covered throughout a wider range of concentration values (0-1.38× 10 -2 mol L -1 )
than that used in previous work (0-1.59×10 -4 mol L -1 ).
Conclusion
The objective of the present work is to develop an amperometric sensor based on carbon paste electrode modified with ternary Ru(III) complex for the determination of nitrite ions (NO 2 -) in aqueous solution.
EIS measurements showed that the presence of Ru(III) complex on the surface of the modified carbon paste electrode significantly decreases the charge transfer resistance (R 1 ) with increasing potentials and temperature.
Whereas, CPE 1 increases with increasing temperature, indicating the accumulation of NO 2 -on the surface of the modified electrode, which increases the active surface area of the modified electrode.
The electron transfer coefficient, determined using cyclic voltammetry (α=0.89), revealed that the mechanism of electro-catalytic oxidation of NO 2 -takes place on the surface of the carbon paste electrode modified with the Ru(III) complex.
By comparing this work with that previously performed, the lower limit of detection of nitrite ions, calculated using CPE/Ru(III)-BSAP-PLA electrode, is more important than that found with modified cavity microelectrode (CME/G/Ru(III)-BSAP-PLA) because the used concentration range of NO 2 -is very wider (0-1.38× 10 -2 mol L -1 )
than that used in previous study (0-1.59×10 -4 mol L -1 ). 
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Highlights
Modified CPE/Ru(III) complex electrode was used as electrochemical sensor for the determination of nitrite.
The behavior of nitrite on the surface of modified electrode was investigated in aqueous solution.
Electrochemical impedance and cyclic voltammetry measurements were performed.
The charge transfer resistance toward electro catalytic oxidation of nitrite decreased with increasing potentials and temperature.
The modified electrode exhibited a wide linear range toward nitrite (0-1.38× 10 -2 mol L -1 ) with a low detection limit of 1.4 μM. 
